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ABSTRACT 
This paper reports the development of a stand-alone and portable instrument designed to measure the complex 
permittivity of dielectric materials at microwave frequencies. The equipment consists of an in-house single-
port vectorial reflectometer and a resonant coaxial bi-reentrant microwave cavity where the material under 
test is placed inside a Pyrex vial, making the device appropriate for measuring liquids, semi-solids, powders 
and granular materials. The relation between the dielectric properties of the involved materials and the cavity 
resonance has been solved by numerical methods based on mode-matching and circuit analysis. In order to 
increase the measurement range, so that low to high loss materials can be characterized in the same cavity, the 
effect of the coupling network is de-embedded from the resonance measurements. The performance of the 
newly devised instrument is evaluated by error/uncertainty analysis and comparative studies with other well-
established instruments and methods. Errors lower than 2% in the dielectric constant, and 5% in the loss 
factor, are found. This simple, portable, affordable and robust device could help non-specialized personnel to 
accurately measure dielectric properties of materials used in a wide range of microwave applications.  
 
I. INTRODUCTION  
Even though the precise dielectric characterization of materials has been studied for many years, it still remains 
an important yet challenging task. In fact, dielectric materials have attracted a lot of research interest since they 
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are widely used in communication applications such as substrates in printed circuit boards (PCB) or dielectric 
resonators in filters and oscillators [1]-[5].  
Moreover, there is an increasing demand for dielectric properties measurements regarding different practical 
applications in fields like biological and chemical industries [6]-[9], agricultural research [10]-[12], or new food 
technologies [13]-[15]. Indeed, the study of these properties is relevant for these fields in order to ascertain the 
ability of dielectric materials to be processed under microwave irradiation [16]. Dielectric properties could then 
provide scientists and industrial engineers with valuable information to properly incorporate materials into their 
intended application and to investigate new effective and efficient ways to apply heat into materials and 
reactions.  
The extensive variety of techniques to calculate dielectric properties can be categorized into resonant and non-
resonant methods. The criteria used to select the appropriate technique for dielectric characterization mainly 
takes into account the expected losses of the material under test (MUT), the frequency range covered by the 
measurement, and the material’s attributes (format, shape, homogeneity, etc.). 
Resonant methods include resonant cavities, open resonators or dielectric resonators [17]. These techniques 
make use of the shift in resonant frequency and quality factor of a resonant structure to determine the 
permittivity of materials at a single frequency [18]. This procedure has become the most preferable for 
measuring low-loss materials [17]. However, resonant methods might also be considered for measurements of 
medium and high-loss materials, if the feeding network of the cavities is included in the analysis [19]. 
Related literature has reported several notable implementations of resonant structures. For instance, Janezic & 
Baker-Jarvis [20] described a cylindrical structure divided in two halves to measure flat shape materials placed 
in the gap of the two cylindrical parts. Baker-Jarvis & Riddle [21] presented a full-mode model to extract 
dielectric properties of cylindrical samples placed inside a reentrant cavity. Krupka [22] used a split-post 
dielectric resonator to measure laminar-shaped low to medium-loss materials. A common feature in all these 
procedures is that they require a Vector Network Analyzer (VNA) to generate the microwave signal which is 
launched into the resonators and to analyze the reflected or transmitted signal that travels back with the 
information of the dielectric properties of the MUT.  
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However, VNA devices have several disadvantages. On the one hand, most of them are sophisticated equipment 
designed to be run in laboratories with specialized operators and which are not or barely portable. On the other 
hand, the cost of commercial network analyzers, which might be acceptable for the telecommunications sector, 
is often prohibitive for microwave power industrialists. Microwave industrial processes require specifically 
designed equipment to be used under industrial conditions: these devices should be simple, portable, affordable 
and robust, while retaining a useful subset of their current functionality. In fact, most industrial applications 
only need dielectric properties around ISM frequencies.  
Recently, some attempts have been made to develop stand-alone devices to simplify dielectric properties 
measurements. For example, Korpas [23] reported a system which replaced the VNA by a wideband-magnitude 
logarithmic power detector to measure dielectric properties of laminar materials together with a single post 
dielectric resonator. Corbellini and Gavioso [24] described the development and performance of a low-cost and 
simplified VNA instrument for the measurement of resonances in Quasi-spherical microwave cavities. 
Likewise, SPEAG (Schmid & Partner Engineering AG) [25] developed an open-ended coaxial probe connected 
to an integrated and simplified vector reflectometer (R60, Copper Mountain Technologies) to determine 
dielectric properties without the need of an advanced VNA.  
In this paper, we present a portable, stand-alone and easy-to-use instrument which is able to perform reliable 
and accurate measurements of materials’ dielectric properties around the ISM frequency of 2.45 GHz. The 
device is based on a resonant bi-reentrant microwave cavity where the MUT is placed inside a Pyrex vial, 
making the device appropriate for measuring liquids, semi-solids, powders and granular materials, as well as 
solids, if properly machined to fit into the container. 
An in-house VNA, consisting of a PLL synthesizer and a dual RF/IF gain and phase receiver, is implemented 
in the instrument to measure the magnitude and phase of the forward and reflected signals in the microwave 
cavity. The advent of various wireless technologies during the last years made easy available and cost affordable 
the selection of microwave components at these frequencies. 
The materials’ dielectric properties are calculated from the resonant frequency and Q-factor measurements and 
from a full-wave mode-matching analysis of the microwave cavity avoiding any previous calibration with 
reference materials. Both, frequency synthesizer and receiver are connected to a PC, where user-friendly 
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LabVIEW-based software allows the automatic control of the measurement process to display the dielectric 
properties of the MUT in a straightforward way.  
By means of this device, low, moderate and high loss materials can be accurately measured, thus providing 
non-specialized personnel with an accessible system to gain knowledge into the dielectric properties of 
materials to be used in a wide range of microwave applications.  
 
II. DESIGN OF THE MEASUREMENT CELL 
II.A. MICROWAVE CAVITY  
The dielectric measurement cell is designed as a coaxial bi-reentrant cavity with a partially dielectric filled gap, 
as shown in Fig. l. The cavity has a coaxial center conductor and an endplate, each with a centered hole. A 
cylindrical Pyrex tube containing the MUT sample is inserted into the cavity through the endplate hole and 






Figure 1. (a) Geometry of the coaxial bi-reentrant microwave cavity, h1=8mm, h2=82mm, h3=41mm, 
d1=10mm, d2=28mm, d3=6.4mm and d4=8.2mm. (b) Zoomed image of dotted section in (a). (c) Circuital 
representation of the microwave cavity used for mode-matching modeling (d) Representation of the E-field in 
the resonant cavity containing a Pyrex vial filled with a dielectric material simulated by means of a 
QuickWave 3D Electromagnetic Simulator. 
 
Due to the small size of holes in the coaxial center conductor and endplate in comparison with the wavelength, 
the electromagnetic fields vanish at these points and therefore the effect of the rounded ends of the Pyrex tube 
container can be neglected in the structure’s electromagnetic modeling. 
The relation between the dielectric properties of the MUT and the cavity resonance has been solved by 
numerical methods based on mode-matching and circuit analysis. These methods have been employed 
successfully in the technical literature [26] for the analysis of similar coaxial reentrant cavities. The aim of 
circuit analysis is to split or segment a complex structure into smaller and simpler canonical circuits. These 
circuit networks, containing N ports, are analyzed and computed separately to obtain multimodal Generalized 
Scattering (GSM) or Admittance (GAM) Matrices [27], [28]. Next, all the individual matrices are connected 
together to establish the original structure and also the resonance condition which provides the unloaded 
resonant frequency fu and Qu factor. 
In the particular case of the structure depicted in Fig.1., the bi-reentrant cavity was segmented into 21 simpler 
networks – see Fig.1(c)  with only 5 different circuits: a 2-port network for the coaxial line [27]; a 3-port 
network (lined background) for the dielectric rod inside the tube and the central part at the bottom of the tube 
[27]; a 4-port network ring [28] circuit (solid grey background) for the tube enclosing the dielectric material 
and the air surrounding the tube; a 1-port network for the matched circuits to represent an infinite geometry; 
and a 1-port network for the finite conductivity short-circuits. Each port in Fig.1(c) was represented by a solid 
line in the corresponding networks. An equivalence of the different parts of the cavity together with the circuit 
networks is also shown in Fig. 1. Figure 2 shows the geometry of the 3-port and 4-port networks considered in 




Figure 2. Canonical circuits used for solving the mode-matching and circuit analyses applied to the resonant 
cavity: (a) 3-port network and (b) 4-port network (c) geometry of the reentrant section of the cavity (h1 height 
in Fig.1 (a)) and the network segmentation employed for this zone.  
 
The 3-port structure shown in Fig. 2(a) consists in a dielectric cylinder where port 1 is on the top of the cylinder 
(z=h, 0<r<a, 0<<2), port 2 is at the bottom of the cylinder (z=0, 0<r<a, 0<<2) and port 3 is on the 
lateral wall (0<z<h, r=b, 0<<2). This 3-port network can be analyzed by using the GAM matrix [29]-[33] 
following the procedure described in [20]. Likewise, the 4-port network comprises a ring which is similar to 
the 3-port network but with an additional inner port at (0<z<h, r=a, 0<<2), as shown in Fig. 2(b), and the 
GAM matrix is solved according to [28].  
 Fig 2(c) shows the geometry of the reentrant section of the cavity (h1 height in Fig.1(a)) and the network 
segmentation employed for this zone. The MUT is characterized by a 3-port network connected to the tube in 
the lateral (port 3 in Fig.2(a)) and to other 3-port MUT sections at the top and bottom (ports 1 and 2 in Fig.2(a)). 
The region of the tube is characterized by a 4-port network connected in turn to an air section (port 4 in Fig.2(b)) 
and to other tube networks at the top and bottom. The air sections are also 4-port networks connected to the 
metal (inner wire) and air coaxial parts. 



























































































 are the coefficients, at port 1≤i≤N, of the series expansion of the electric and magnetic field, 
using appropriate basis functions as described in [27], [28].  
Admittance coefficients Yij are considered matrices due to the series expansion and the coupling between the 
ports and the basis functions. Because of the structure’s axial symmetry, only the TEM and TM0n modes are 
expanded in the coaxial and circular waveguides. 
The resonant structure is then rebuilt by joining the simpler N-port networks applying the boundary conditions 
in the common ports (continuity of tangential electric and magnetic fields) as reported in [34]-[36] to calculate 
the GAM at port 1 (see Fig.1). The relationship between the GAM and the GSM is very simple and has been 
characterized by [33]. The resonance condition is finally applied to port 1 by means of the following equation 
[26] 
    0, 21  1fSfS r      (2) 
where S1(f,r) refers to the previous GSM calculated at port 1, S2(f) is the GSM of port 2 (short-circuit at the 
lower part of the cavity) and “1” is the symbol of the identity matrix. Eqn. (2) was solved numerically by the 
Nelder-Mead simplex method [37] which delivered a unique solution within the working frequency range (from 
1.9 to 2.6GHz). The solution of the resonant condition of eqn. (2) provides the complex resonant frequency (fΩ) 
















1      (3) 
The theoretical approach described above was used to determine the dimensions of a resonant measurement 
cell which provided maximum sensitivity for a wide range of dielectric materials around the frequency of 2.45 
GHz (see Fig. 1 for dimensions). Unloaded resonant frequency and Q-factor maps, as a function of the dielectric 
properties obtained by eqn. (2), are displayed in Fig. 3. According to this figure, materials with dielectric 
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constant ranging from 1 to 100 and losses from 0.001 to 10 will undergo an approximate shift in the resonant 
frequency from 1.9 to 2.6 GHz (more than 600 MHz) and a Q-factor variation from 1,200 to 10. 
 
  
Figure 3. Simulated results (maps) of unloaded resonant frequency (fu) and Q-factor (Qu) as a function of the 
dielectric properties (𝜀´ − 𝑗𝜀´´) in the bi-reentrant microwave cavity of Fig. 1 
 
II.B. COUPLING NETWORK 
The feeding network to couple the energy of the microwave source into the cavity is an electric probe which 
penetrates some distance into the coaxial cavity, as shown in Fig. 1 (a). Since the coupling mechanism becomes 
part of the resonant structure, the resonant frequency and Q-factor determined from reflection measurements 
with a VNA (referred as loaded and denoted by fL and QL, respectively) shift from the theoretical (unloaded) 
values of the cavity (denoted by fu and Qu, respectively).  
From a general equivalent circuit, the influence of the coupling on the Q-factor has been traditionally modeled 





      (4) 
where Qe stands for the external Q-factor which accounts for losses in the coupling network and the rest of 
elements external to the resonator, and k=Qu/Qe is the coupling factor. Despite its simplicity and generality, 
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expression (4) turns out to be very precise and practical since, in addition to QL, values of Qe and k can be also 
obtained very accurately and directly from the measurement in most cases, and thus the unloaded Q-factor can 
usually be determined by (4), irrespective of the coupling mechanism used. 
However, unlike the Q-factor, the resonant frequency shift due to the coupling cannot be modeled in such a 
general and precise way, but instead only in terms of parameters directly available from the measured response 
[19], [40]. The detuning effect of the resonant frequency might be neglected if the energy is weakly coupled 
into the resonator, in which case unloaded resonant frequencies are practically equal to the loaded resonances 
(fu ≈ fL). Nonetheless, this undercoupling condition results in an important limitation: medium or high loss 
materials cannot be measured because they attenuate most of the microwave signal, and the cavity resonance 
disappears. Consequently, to measure low and high losses in the same cavity, the cavity has to be strongly 
coupled (overcoupled), and therefore the effect of the coupling network has to be de-embedded from the 
measurements to retrieve the unloaded resonances. 
In this respect, Canós [19] has proposed an empirical technique with which to obtain the unloaded resonant 
frequency based on reflection measurements of one-port cavities under different coupling levels (i.e. probes of 
different length), in order to establish a trend towards the uncoupled cavity. 
For each coupling condition, values of fL and Qe are obtained from applying the Kajfez’s linear fractional curve 
fitting procedure to the measurement of the cavity [40], [42] and the unloaded resonant frequency fu is estimated 

















1      (5) 
where A and 𝛼 are fitting parameters related to the electromagnetic fields inside the cavity and the specific 
coupling network, and remain constant for the different coupling levels. 
This technique, which originally involves measurements with variable coupling, has been applied here for de-
embedding the cavity’s unloaded resonant frequency coupled with a fixed probe, as shown in Fig.1. In this way, 
the frequency response of six dielectric materials with different permittivity is measured by coupling the cavity 
with several electrical probes of the same radii and with the same position and orientation as the probe described 
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in Fig.1, but of different lengths. Pairs of A and 𝛼 parameters corresponding to the measurement of each material 
in the cavity for determining the unloaded resonance are represented in Fig. 4 with respect to the loaded resonant 




Figure 4. Relationship of A and α with loaded resonant frequency (fL) for removing the effect of the coupling 
network. 
 
As Fig. 4 shows, the relationship of A and α with the frequency fL is very well defined and suitable to be modeled 
by curve-fitted with simple functions. Through this calibration procedure, A and α can be accurately estimated 
from the loaded resonant frequency fL which is measured from the frequency response of the cavity with a fixed 
probe, and then determine the unloaded resonant frequency fu by eqn. (5). 
The E-field of the bi-reentrant microwave cavity loaded with a dielectric material and coupled with the specific 
position and length of the coupling probe is modeled using the QuickWave-3D electromagnetic FDTD 
simulator software (QWED, Warsaw, Poland) and is represented in Fig. 1(b). The figure shows two E-field 
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variations in the coaxial and bi-reentrant areas corresponding to a resonator length of approximately 3/8. The 
intense E-field in the MUT position is one of the reasons for the high sensitivity of the measurement cell which 
is reflected in the large frequency shift obtained as a function of the dielectric properties, as illustrated in Fig 3. 
 
III. EXPERIMENTAL SET-UP 
Figure 5 shows a schematic diagram of the in-house portable microwave single-port VNA (PMR) developed 
for the dielectric measurement of materials. The microwave system consists of four main subsystems: a 
microwave source, a receiver which detects the magnitude and phases of the forward and reflected microwave 
signals in order to measure the cavity’s reflection (S11), a separation network, and a data acquisition system 
connected to a personal computer via a USB link. 
 
  
Figure 5. Schematic diagram of the in-house portable microwave single-port VNA (PMR) for measuring the 




The transmitter is a PLL frequency synthesizer based on an ADF4113 (Analog Devices) integrated circuit [43]. 
This chip has a built-in phase detector and an N divider which can implement a complete PLL circuit when 
used with an external loop filter and a voltage-controlled oscillator (ROS-2500 from Mini-Circuits). This block 
synthesizes signals that can be rapidly adjusted to generate frequency sweeps from 1,500 to 2,600 MHz, enough 
to cover the expected range in the resonant cavity measurements. 
The receiver was designed from the commercial gain-phase detector AD8302 IC (Analog Devices) [44]. The 
AD8302 detects the ratio or difference in dBs between two input signals from low frequencies to 2.7 GHz. The 
circuit integrates two logarithmic detectors on a single chip, each with a dynamic range of 60 dB, a digital phase 
detector, and circuits used for amplitude and output scaling. The outputs from the AD8302 (VMAG and VPHS) 
are practically linear voltages from 0 to 1.8 V, proportional to the relative amplitude and relative phase of the 
two input signals [44]. However, the range for the phase measurement is limited to 0-180 deg. This restriction 
implies that the AD8302 cannot distinguish between an input phase difference ranging from 0 deg to +180 deg 
and another ranging from -180 deg and 0 deg. The inherent ambiguity of this circuit was solved here by using 
two AD8302 devices and adding an extra phase shift (of -90 deg) in one of the units.  
Fig.6 illustrates the procedure implemented with the output voltage (VPHS) of the AD8302 circuits in order to 
solve phase ambiguity. For instance, a VPHS output of 0.68 V in one of AD8302 detectors means that it will not 
be able to distinguish between the relative phase of points A(-110º) and B(+110º). By shifting the second 
AD8302 by -90 deg, we can obtain a new VPHS output of 1.6 V where points A and B move to new positions: 
A’(-20 deg) and B’(20 deg). However, each of these positions again show ambiguity (the phase sign of these 
positions is unknown again); nonetheless, only points (B-B’) result in a phase shift of -90 deg, thus their 
ambiguity can be solved straightforwardly. Furthermore, the combined outputs of the two AD8302 circuits, 
once phase ambiguity has been solved, lead to an improvement in the stability of the entire response of the 
system. For example, the non-linear zones of each AD8302 output (relative phases close to -180 deg, 180 deg 





Figure 6. Procedure implemented to solve phase ambiguity in AD8302 IC detectors by shifting two units by -
90º 
 
Fig. 5 shows the receiver block system with two AD8302 IC detectors whose input channels are shifted -90 deg 
by using a 3-dB splitter (S2D1426 from Synergy Microwave Corp) and a 3-dB/-90º hybrid (XC2100A-03 from 
Anaren). The separation of the forward and reverse signals is carried out by two bi-directional couplers (BDCA 
1-7-33+ from Mini-Circuits) to increase directivity.  
Output voltage signals from the AD8302 detectors are digitalized in a multichannel 12-bits analog-to-digital 
converter and processed in a microprocessor (PIC16C773 from Microchip) connected via a serial link to a 
personal computer. Digital lines for the control of the synthesizer output frequencies are also driven by the 
microprocessor. A LabVIEW-based software controls all the processes automatically, making the required 
reflection measurements and transforming the outputs into the desired display (which includes control 
functionalities, statistics, thresholds, and alarms). This procedure allows several measurement points per second 
to be obtained. The afore-described setup was assembled in a compact and portable housing. Fig. 7 shows a 






Figure 7. Picture of the Dielectric Measurement Microwave System and zoomed image of the Pyrex vials 
used to hold the material under test. 
 
IV. EXPERIMENTAL RESULTS & MEASUREMENTS 
To evaluate the performance of the in-house dielectric measurement system described in the previous sections, 
the dielectric properties of eleven well-known reference materials were measured (see Table I). These materials 
were chosen to cover a broad permittivity and dielectric losses range and then verify the equipment’s response 
under an extensive set of conditions. 
In spite of the equipment being designed to characterize solid, powder and liquid materials, we mostly used 
liquids in these tests to avoid any influence of density or air-gaps of samples in the measurement results. The 
reference liquids were acquired from Panreac Química (Barcelona, Spain) to ensure the highest reliability of 
the assays. 
In addition, a solid Macor sample from Corning Inc. (NY, USA) machined in the form of a rod of 6.38mm of 
diameter and a micrometer sized Zeolite powder CBV100 from Zeolyst CV (Farmsum, the Netherlands) with 
density of 0.51 g/cm3 were included in the dielectric measurements tests. 
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For all these materials, a detailed error analysis of the permittivity and dielectric loss factor measurements was 
also performed including uncertainty and a comparative study with other well-established instruments and 
methods (measurement bias).  
 
IV. A. RESONANCE MEASUREMENTS 
Fig. 8 shows the magnitude and phase of the S11 parameter of the coaxial bi reentrant cavity with Pyrex tubes 
filled with tetrahydrofuran, acetone and distilled water, measured with the in-house single-port VNA (PMR). 
These materials were selected because they present dielectric losses which cover both the overcoupled and the 
undercoupled resonances in the cavity. Measurements of the same cavity and material configuration have also 
been performed by a commercial full-featured VNA (ZVA50, 2 ports 50GHz, Rohde & Schwarz USA, Inc., 
Columbia, MD) for comparison purposes. The frequency sweep was set from 1,800 to 2,600 MHz to cover the 
cavity’s frequency range. The IF bandwidth for the VNA measurements was set to 1kHz and both systems used 
an output power of 0dBm. Prior to measurements, the response of both PMR and VNA were calibrated with 
the 85052B Standard Mechanical Calibration Kit (3.5 mm, Keysight Technologies, Santa Rosa, CA) and a 
standard OSM calibration procedure. The S11 measurements of the 85052B loads with the full-featured VNA 





Figure 8. Magnitude and Phase of S11 of the coaxial re-entrant cavity with vials filled with tetrahydrofuran, 
acetone and distilled water measured by an in-house single-port VNA (solid line) and by a commercial full-
featured VNA (dashed line) 
 
Results achieved with the in-house VNA (PMR) were in very good agreement with the full-featured VNA since 
similar resonances overlapped. The magnitude average error was lower than ±0.03 dB and the phase average 
error was lower than ±0.5 degree.  
A series of eight measurements was repeated for each reference liquid in order to assess the type A experimental 
standard deviation on account of random variations according to [46]. Table I shows the loaded resonant 
frequencies (fL) and the unloaded Q-factors (Qu) determined by S11 measurements, according to the procedure 
described in Section II. 
The uncertainties (standard deviations) of the loaded resonant frequencies and Q-factors have the same order 
of magnitude for both devices, except for those obtained for low-loss materials using the commercial VNA, 
which showed slightly smaller values. Nevertheless, the resonant frequency uncertainty was constrained below 
1 MHz in all cases (even below 200 kHz in the majority), which means a relative resonant frequency uncertainty 
below 0.05%. The uncertainty of the Q-factor measurements was lower than 0.3% in all cases.  
 
Table I. Complex frequency measurements of the coaxial bi reentrant cavity structure loaded with reference 
liquids and associated uncertainties. fL PMR (MHz), fL VNA (MHz) and |∆fL/fL|% are respectively the loaded 
resonant frequency provided by the PMR and the full featured VNA and their relative difference; Qu PMR, Qu 
VNA, |∆Qu/Qu|% and |∆Qu | are respectively the unloaded Q-factor using the PMR and the full featured VNA 
and their relative and absolute differences; fu rec (MHz), fu Aα (MHz) and |∆fu| (MHz) are respectively the 





Concerning the absolute differences obtained with both systems, the calculated fL values showed discrepancies 
of the same order of magnitude as in the uncertainty analysis, i.e. below 0.05%. However, the Q-factor results 
showed slightly higher discrepancies although constrained below 3% (see the |Qu| column in Table I). The 
influence of these differences on the results of the dielectric properties will be assessed in the following sections. 
Unloaded resonant frequencies (fu) and associated uncertainties (standard deviations) were calculated from the 
measured fL of the microwave cavity by means of the regression procedure described in section II.B (see Fig. 4 
and eqn. 5) and are also included in Table I. Similar uncertainties to those that were obtained with the unloaded 
frequencies fL were measured here. 
The unloaded resonant frequencies used as references to analyze absolute deviations (denoted as fu Aα in Table 
I) were determined according to [19] with electric probes of different length. The differences found in this 
comparison between both fu values ranged from 500 kHz to almost 3 MHz. Thus, the |fu| values were used to 
calculate the uncertainty contribution of the resonant frequency whose results are presented in Section IV.C. 
 
IV. B. DIELECTRIC MEASUREMENTS 
The average unloaded resonant frequencies and Q-factors of Table I were employed to calculate dielectric 
properties with the numerical procedure described in Section II.A. Results are given in Table II.  
 
MATERIAL f L PMR (MHz) f L VNA (MHz) f u rec (MHz) f u Aα (MHz) |∆f u |(MHz) Q U PMR Q U VNA |∆Q u |
Empty Tube 2,502.29 ± 0.17 2,502.09 ± 0.06 2,534.58 ± 0.17 2,535.11 0.008 0.525 1,168.8 ± 2.4 1,172.2 ± 1.6 0.290 3.4
Zeolite 2,487.32 ± 0.15 2,487.13 ± 0.06 2,520.82 ± 0.15 2,521.22 0.008 0.398 417.4 ± 1.2 414.6 ± 0.9 0.680 2.8
Cyclohexane 2,485.43 ± 0.12 2,485.28 ± 0.08 2,518.48 ± 0.12 2,518.99 0.006 0.511 1,173.7 ± 1.6 1,177.3 ± 1.0 0.301 3.5
Mineral Oil 2,483.70 ± 0.12 2,483.46 ± 0.03 2,516.83 ± 0.12 2,517.29 0.009 0.458 1,156.4 ± 0.8 1,156.7 ± 0.5 0.028 0.3
Toluene 2,480.10 ± 0.15 2,479.89 ± 0.03 2,513.38 ± 0.15 2,513.79 0.009 0.406 1,016.3 ± 1.4 1,011.7 ± 0.3 0.459 4.6
Oleic Acid 2,480.24 ± 0.23 2,480.05 ± 0.17 2,513.52 ± 0.23 2,514.09 0.008 0.565 664.8 ± 2.0 655.0 ± 1.5 1.499 9.8
2-Propanol 2,451.87 ± 0.06 2,451.02 ± 0.09 2,486.20 ± 0.06 2,484.94 0.034 1.259 27.9 ± 0.0 27.2 ± 0.1 2.536 0.7
Macor 2,430.27 ± 0.16 2,429.88 ± 0.08 2,464.85 ± 0.16 2,465.27 0.016 0.426 834.3 ± 1.7 828.5 ± 0.3 0.702 5.8
Tetrahydrofuran 2,404.34 ± 0.41 2,403.90 ± 0.33 2,440.18 ± 0.40 2,439.11 0.018 1.068 317.3 ± 0.8 310.3 ± 0.9 2.274 7.1
Acetone 2,252.85 ± 0.59 2,252.75 ± 0.45 2,290.68 ± 0.59 2,291.20 0.005 0.522 131.3 ± 0.1 128.6 ± 0.2 2.113 2.7
Dimethyl Sulphoxide 2,051.27 ± 0.18 2,051.70 ± 0.29 2,088.14 ± 0.18 2,090.83 0.021 2.693 15.4 ± 0.0 15.0 ± 0.0 2.880 0.4













Table II. Dielectric properties results of reference liquids and associated uncertainties. 
 
 
The dielectric properties of all MUTs were also measured at similar frequencies through other well-established 
techniques from the literature to obtain a set of values to be used as reference data for estimating the accuracy 
of the developed method (measurement bias). We selected the techniques to achieve the most reliable results 
depending on the losses of each liquid. Thus, liquid MUTs with higher losses were measured with an open-
ended coaxial resonator [47], whereas liquid MUTs with lower losses were measured with a fully-loaded 
cylindrical cavity [48]. Macor was measured with a partially filled cylindrical cavity [14], [28] and the Zeolite 
powder by the dual mode cylindrical cavity of [14]. The percentage given in Table II was calculated as the 
relative difference (bias) between the calculated dielectric properties and the reference values. 
The dielectric properties measured with the proposed method agreed well with the reference values. Therefore, 
the estimated accuracy obtained for the dielectric constant was within the range of 1.5% in all the covered 
measurements, regardless of the material losses. The error in the loss factor was constrained around 5% in the 
considered measurement range. These results regarding the accuracy of the losses are particularly relevant since 
the losses of the materials spread throughout 4 orders of magnitude (from 10-3 to 101). 
The developed device provides the dielectric properties of the MUT inside the Pyrex tube as a bulk material. 
Therefore, it is important to remark that for powder or particulate materials, density and even moisture 
fluctuations in the sample can cause significant deviations in the dielectric measurements. To overcome this 
MATERIAL
Ciclohexane 1.99 ± 0.03 0.0000 ± 0.0000 2.02 ± 0.05 0.0000 ± 0.0003 1.31 -
Zeolite 1.86 ± 0.04 0.1193 ± 0.0060 1.88 ± 0.04 0.1244 ± 0.0018 1.29 4.28
Mineral Oil 2.18 ± 0.03 0.0015 ± 0.0002 2.16 ± 0.04 0.0014 ± 0.0003 0.73 4.83
Toluene 2.43 ± 0.10 0.0109 ± 0.0005 2.42 ± 0.04 0.0112 ± 0.0005 0.25 2.95
Oleic Acid 2.37 ± 0.03 0.0444 ± 0.0010 2.37 ± 0.05 0.0442 ± 0.0019 0.17 0.62
2-Propanol 4.03 ± 0.20 3.1642 ± 0.3100 4.09 ± 0.09 3.2325 ± 0.0810 1.49 2.16
Macor 5.68 ± 0.03 0.0238 ± 0.0006 5.74 ± 0.05 0.0228 ± 0.0009 1.13 4.36
Tetrahydrofuran 7.61 ± 0.31 0.1922 ± 0.0370 7.57 ± 0.10 0.1939 ± 0.0069 0.53 0.92
Acetone 21.44 ± 0.21 0.8652 ± 0.1600 21.21 ± 0.18 0.8239 ± 0.0214 1.08 4.78
Dimethyl Sulphoxide 45.65 ± 0.39 9.3514 ± 1.0100 45.08 ± 0.71 9.5052 ± 0.4013 1.26 1.64
Distilled Water 78.47 ± 1.08 6.8709 ± 1.2200 77.51 ± 1.07 6.9014 ± 0.1691 1.22 0.45











situation, numerous density and moisture independent calibration algorithms have been successfully tested in 
the technical literature from the dielectric properties of particulate materials at different air-particle mixture 
ratio [49]. For solid materials, it has been empirically tested that samples must be precisely machined in the 
form of rods with an air gap between the solid sample and the Pyrex tube no larger than 0.01mm in order to 
keep an equivalent accuracy to the liquid samples. 
Although accuracy was fairly stable across the studied materials, the measurement range was limited by the 
MUT losses, when the Q-factors dropped below 15, as the interpolation for the calculation of Q proved difficult 
to obtain reliable values. 
 
IV.C. UNCERTAINTY OF PERMITTIVITY MEASUREMENTS 
Even though a comparative review through other well-established instruments and methods was undertaken, 
the accuracy of the proposed technique depends on the uncertainties of the different magnitudes involved in the 
numerical procedure given by eqns. (1) and (2). These uncertainties include those of the unloaded resonances 
derived from the measurements using the in-house single-port VNA as well as the dimensional errors arising 
from the manufacturing tolerances of the resonant structure and the tubes used as holders (e.g. differences 
between the real dimensions of the resonant fixture and the values assumed in the computations). 
The effect of these errors on the uncertainty of the computed permittivity values has been calculated taking into 
account the law of uncertainty propagation, or combined standard uncertainty, as carried out by GUM [46]. 
This effect is described in [27] for permittivity measurements and reproduced below. Assuming uncorrelated 























      (6) 
where xi are the different variables involved in the uncertainty of the measurement, xi is the uncertainty 
associated with each variable, and ∂εr1/∂xi are the partial derivatives of the permittivity depending on the 
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variable used and kp is the coverage factor. In this work kp was fixed to 1 assuming a normal distribution with 
a level of confidence of 68.27%.  
The uncertainties of the unloaded resonant frequency and Q-factor described in this section are given in Table 
I (denoted as |fu| and |Qu|). With regard to the manufacturing tolerances, the inspection of the cavity parts 
showed the following dimensional uncertainties: the cavity’s radius was ±20 µm; the radius of the inner coax 
wire, ±10 µm; the height of the coaxial part, ±10 µm; the height of the cylindrical part, ±10 µm; the internal 
radius of the Pyrex tube, ±10 µm; and the external radius of the Pyrex tube was ±10 µm.  
Derivatives of eqn. (6) were calculated through numerical methods, due to the difficulty of finding an analytical 
expression, as shown in [27]. The uncertainties calculated with this procedure are presented in Table II together 
with the average values.  
For all considered liquids, the uncertainty was within the range of 2% for the dielectric constant and 5% for the 
loss factor. The uncertainties obtained for the low-loss materials were very close to those obtained with 
reference cavity methods, which is remarkable bearing in mind the usage of a fixed coupling network.  
 
Table III. Uncertainty contributions of the involved parameters to the total uncertainty calculation for acetone 
(refer to Fig.1 and Table I to ascertain the definition of the parameters). 
 
d1 20μm 0.03 0.0010
d2 40μm 0.03 0.0012
d3 20μm 0.15 0.0154
d4 20μm 0.03 0.0026
h1 10μm 0.01 0.0000
h2 10μm 0.02 0.0004
|∆f u | 0.522MHz 0.07 0.0011


















Table III. shows the individual contribution of each variable involved in the uncertainty of the measurements, 
for a representative material as acetone. The manufacturing tolerances of the Pyrex tubes often caused the 
highest influence in the total uncertainty for both, dielectric constant and loss factor. Uncertainties of the 
resonant frequency and Q-factor measurements |fu| and |Qu| also exhibited important contributions to the total 
uncertainty. The influence of the rest of parameters was limited, as indicated in the Table. 
 
V. CONCLUSIONS 
In this paper, a compact, robust, portable and standalone microwave system to measure the permittivity of 
dielectric materials around the ISM band 2,45 GHz has been described.  
The measurement process consisted in placing a Pyrex vial containing a sample of material inside a bi-reentrant 
microwave cavity and measuring the resonant parameters of the cavity with an in-house portable microwave 
reflectometer. A LabVIEW-based software controlled all the processes automatically, making the measurement 
process very simple and straightforward. The device especially appropriate for measuring liquids, semi-solids, 
powders and granular materials can also be used for solids, if properly machined to fit into the container. 
The microwave cavity has been analyzed using numerical methods based on mode-matching and circuit 
analysis. Unlike previous efforts to design dielectric properties measurement methods, the system described in 
this paper allowed the characterization of both high and low loss dielectric materials by means of a procedure 
that removes the effect of the coupling network from the complex resonance. 
A detailed error analysis of the permittivity and dielectric loss factor measurements was also performed 
including uncertainty and a comparative study with other well-established instruments and methods. The 
estimated accuracy obtained for the dielectric constant was within the range of 1.5% and the error in the loss 
factor was constrained around 5% in the considered measurement range. These results regarding the accuracy 
of the losses are particularly relevant since the losses of the materials spread throughout 4 orders of magnitude 
(from 10-3 to 101). 
The developed system is a very promising device to obtain dielectric properties measurements in a wide range 
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